Abstract-This paper deals with analysis of the two-phase interleaved DC-DC converter for bidirectional current flow between the input sources and three-phase inverter for the electric drive. The bidirectional non-isolated topologies of DC-DC converter are also mentioned. In the paper is analyzed the current ripple reduction by using the coupled or uncoupled form of the inductors in the converter. The mathematical equations are supplemented by the simulation results.
INTRODUCTION
Nowadays, in electric vehicle application, the nonisolated buck-boost converters are used for the maintaining the constant voltage in DC-bus [1] - [4] .
For the higher power application there are more possibilities how to perform higher power density in regard to efficiency of the converter. First choice is to utilize of the paralleling of the power switches, shown in Fig. 1 . This converter includes only one inductor and parallel connected two half-bridge leg. This is done for reasons of obtaining higher current ratings, thermal improvements, and sometimes for redundancy. If losses are not equally shared, the thermal differences between the devices will lead to other problems and the possible failure of the transistors Therefore, the thermal coefficient of the collector-emitter voltage V CE (SAT) is an important parameter when paralleling IGBTs. It must be a positive to allow current sharing. On the other hand the higher positive thermal coefficient is the higher losses arise because at high temperature the V CE (SAT) is increased.
The second option how to share the current is to use the interleaved topology, Fig. 2 . The same problem as in the previous topology with current sharing is eliminated because the current is divided between two paralleled buckboost converters. The advantageous of this connection is in improved power density. A comparison between multiphase buck and multichannel boost converter can be summarized in the following features: the power density improvement, same as in the buck, the interleaved effect reduces the total input and output current ripple, so this means the smaller input filter for the buck converter and also smaller output filter (bulk capacitor) for the boost converter [5] .
In the high current application there are used the interleaved topologies even with the coupled inductors on the core. The advantageous of the coupled inductor is in lowered current ripple direct on the inductors not only in the output or input current of the bidirectional converters. The interleaved buck converter with coupled inductance are used in VRM application and interleaved boost converter in PFC application due to smaller inductor current ripple and improved the steady state efficiency [6] , [7] . Therefore, in this paper the advantageous features of the coupled inductor will be analyzed on bidirectional buck boost inverter for higher power application in electric drive.
II. CURRENT RIPPLE REDUCTION EFFECT OF COUPLED INDUCTOR
In this section, the effect of a coupled inductor on ripple current reduction is discussed in greater detail. As we know the interleaved topology connection does not maintain lower inductor current ripple only in the case the inductors are coupled. This section is divided into two parts. Firstly, an impact of the coupled inductor on buck topology is investigated, the non-coupled buck is compared to coupled buck converter and ripple reduction is shown in a graph. Secondly, the same comparison is discussed for coupled boost converter. In the two-phase interleaved converter the four different operating modes occur. The first interval begins when the switch S1H and S2L are closed and appropriate equation can be obtained, (1) and (2) . From the equation is seen that the current ripple is the same in both phases and this refer to all intervals of operation. The output current ripple is described in (3). It is obvious that the output current ripple is lowered. An inductor current ripple reduction in one interval of operation are expressed as followed:
Then, by summing (1) and (2) the equation for output current ripple reduction is
The same equation is obtainable also for boost converter with the difference that the output current is replaced with the input current i in .
A. Two-Phase Coupled Buck Converter
A simplified schematic for a coupled buck converter is depicted in Fig. 3 . According Kirchhoff's law the following equation for two-phase coupled buck converter can be written (4)-(9):
Using the mathematical operation the equation as in the non-coupled case obtain. The following equations refer to the first and third interval of operation [4] .
For the second and fourth interval of operation the ripple is same for both phase currents. (12) and (14) is evident that output current ripple is the same (except the negative sign in (14)) under the condition that non-coupled inductance L is equaled to leakage inductance L k .
B. Two-Phase Coupled Boost Converter
A simplified schematic for a coupled buck converter is depicted in Fig. 4 .
FIGURE IV. A SIMPLIFIED SCHEMATIC OF TWO-PHASE COUPLED BUCK CONVERTER
The following equations for the boost converter refered to the first and third interval of operation are:
The output current and also the magnetizing current are same as for the buck converter, (4) and (7) . Using the same procedure the equations for the first and third interval of operation are as follows:
For the second and fourth interval of operation the ripple is same for both phase currents.
The total output current for the coupled boost converter is written in (21) and is the same as in the non-coupled one.
C. Comparison of coupled and non-coupled converter
The comparison of the coupled and non/coupled converter for the buck and also the boost converter is derived in (21) and plotted The curve plotted in Fig. 6 shows that how much smaller must be the peak current of coupled inductor to uncoupled one.
FIGURE V. INDUCTOR CURRENT RIPPLE OF COUPLED
INDUCTOR NORMALIZED TO NON-COUPLED CASE
III. SIMULATION RESULTS
As mentioned in section II, the inductor current ripple is strongly dependent on the coupling coefficient k of the coupled inductor. In order to have the maximum inductor current ripple reduction, the coupled inductor should have high k and also have enough leakage inductance to reduce output current ripple, simultaneously. From the simulation results in Fig. 7 until Fig. 12 is shown that with increasing of the coupling coefficient the ripple of inductor current is decreasing with maintaining the leakage inductance equals to non-coupled inductance. 
IV. CONCLUSION
In order to reduce inductor current ripple as well as input/output current ripple respectively according which topology is used the two inductors should be coupled on one core. It is more preferable to use coupled inductor topology in high current application due to better utilization of the coupled effect. To preserve the required ripples on the inductor and on the input/output respectively, the coupling coefficient must agree. For the input/output current respectively, the leakage inductance is very important and must be equal to the non-coupled inductance to maintain criterion. Therefore, for the high value of coupling coefficient the mutual inductance increases and the total value of the inductance in coupled connection is higher than in non-coupled connection. Therefore, the volume of the inductor depends on inductor's energy. If the current ripple reduction in coupled converter is high enough to maintain the total energy is lower than the energy in the non-coupled converter, then utilization of the coupled inductor is advantageous.
